Age-related bone fractures are usually painful and have highly negative effects on a geriatric patient's functional status, quality of life, and survival. Currently, there are few analgesic therapies that fully control bone fracture pain in the elderly without significant unwanted side effects. However, another way of controlling age-related fracture pain would be to preemptively administer an osteo-anabolic agent to geriatric patients with high risk of fracture, so as to build new cortical bone and prevent the fracture from occurring. A major question, however, is whether an osteo-anabolic agent can stimulate the proliferation of osteogenic cells and build significant amounts of new cortical bone in light of the decreased number and responsiveness of osteogenic cells in aging bone. To explore this question, geriatric and young mice, 20 and 4 months old, respectively, received either vehicle or a monoclonal antibody that sequesters sclerostin (anti-sclerostin) for 28 days. From days 21 to 28, animals also received sustained administration of the thymidine analog, bromodeoxyuridine (BrdU), which labels the DNA of dividing cells. Animals were then euthanized at day 28 and the femurs were examined for cortical bone formation, bone mineral density, and newly borne BrdUþ cells in the periosteum which is a tissue that is pivotally involved in the formation of new cortical bone. In both the geriatric and young mice, anti-sclerostin induced a significant increase in the thickness of the cortical bone, bone mineral density, and the proliferation of newly borne BrdUþ cells in the periosteum. These results suggest that even in geriatric animals, anti-sclerostin therapy can build new cortical bone and increase the proliferation of osteogenic cells and thus reduce the likelihood of painful age-related bone fractures.
Introduction
In humans, peak skeletal mass and strength is reached when an individual is 25-30 years old and declines thereafter. 1, 2 By the time an individual reaches 60 years of age, osteoporosis, fragility fractures, and delayed fracture healing, which involve declines in the mass, strength, and healing properties of bone, become highly prevalent disorders. 3 This aging-related bone loss predisposes individuals to an increased risk of bone fracture so that 50% of women and 25% of men over 60 years of age will suffer age-related fractures during their remaining lifetime. [4] [5] [6] [7] Age-related bone fractures usually heal slower than bone fractures in the young 8 and are frequently accompanied by chronic skeletal pain, loss of functional status, and increased morbidity/mortality.
A major reason why the treatment of age-related bone fractures remains so problematic is that relatively little is known about the mechanisms that drive fracture pain 10, 11 and why aging bone fractures take longer to heal. 8, 11 Currently, the two major classes of analgesics used to manage age-related bone fracture pain are NSAIDs and opiates. 10, 12 While NSAIDs can be effective in attenuating mild to moderate skeletal pain, sustained use of NSAIDS frequently results in significant unwanted gastrointestinal, hepatic, or renal toxicity. 12 Even more problematic is that NSAIDs have been shown to inhibit bone healing as prostaglandins play a role in bone formation. [13] [14] [15] Opiates are also frequently used to treat fracture pain, but in the elderly, opiates frequently induce dizziness, vertigo, and cognitive clouding, which can result in further falls resulting in new bone fractures or re-injury of the operated bone or joint. 16 While developing novel analgesics to treat bone fracture pain is one avenue to increase the functional status of patients with bone fractures, another avenue would be to administer novel osteo-anabolic agents to individuals at high risk for fractures and reduce the likelihood of the occurrence of the bone fracture. 10, 17 However, a major unanswered question is whether osteo-anabolic agents can stimulate the proliferation of osteogenic cells and build significant amounts of new cortical bone in light of the marked decrease in both the number and responsiveness of osteogenic cells in geriatric bone. 8, [18] [19] [20] In this article, we address this question by focusing on geriatric mice, cortical bone, and a monoclonal antibody directed at the protein sclerostin (anti-sclerostin) which has previously been shown to build new bone in young and adult rodents, primates, and humans. [21] [22] [23] [24] [25] [26] [27] [28] [29] Using this approach, we demonstrate that administration of antisclerostin in geriatric and young mice markedly builds significant amounts of new cortical bone, increases bone mineral density, and significantly increases the proliferation of osteogenic cells in the periosteum. These data suggest that anti-sclerostin therapy may be an effective strategy to reduce the incidence of painful age-related bone fracture even in very old bone.
Materials and methods Animals
Experiments were performed on 84 adult male C57BL/ 6 J mice. Each experimental group contained an ''n'' that was equal to or greater than five. Animals were obtained from Jackson Laboratories, Bar Harbor, ME, and the animals were 4 (young) and 20 (geriatric) months of age at the start of the experiments and weighed 30 to 40 g. The mice were housed in accordance with the National Institutes of Health guidelines under specific pathogenfree conditions in autoclaved cages maintained at 22 C with a 12-h alternating light/dark cycle and access to food and water ad libitum. 
Anti-sclerostin treatment
After pilot experiments were performed to assess periosteal cell labeling produced by the bromodeoxyuridine (BrdU)-loaded osmotic pumps, the young and geriatric animals were randomly divided into two treatment groups: (1) naı¨ve mice that received vehicle (PBS) treatment for a period of 28 days; and (2) naı¨ve mice that received anti-sclerostin (25 mg/kg) treatment for a period of 28 days. Beginning on day 0 and every five days thereafter, animals were administered either vehicle or anti-sclerostin by intra-peritoneal (i.p.) injection. The anti-sclerostin sequestering antibody was kindly provided by Drs. Kris Poulsen and David Shelton (Rinat/ Pfizer, San Francisco, CA) and the dose of anti-sclerostin used was similar to that used in previous studies.
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5-Bromo-2'-deoxyuridine (BrdU) administration
BrdU is a synthetic nucleoside that is an analog of thymidine. BrdU is incorporated into the newly synthesized DNA during the S phase of the cell cycle, substituting BrdU for thymidine during DNA replication. In order to visualize proliferating cells in the periosteum under normal conditions, mice were placed under isoflurane anesthesia and implanted subcutaneously (s.c) with a single mini-osmotic pump (Alzet; Model 1007D) con- Distal cortical thickness. Images (TIFF) of vehicle-and anti-sclerostin-treated animals from days 0 and 28 were opened in Image J (NIH). Three measurements using the ''straight'' tool were taken from the medial and lateral aspects of the distal mid-diaphysis cortical bone. The medial and lateral measurements were added together and the three total measurements were averaged together. To determine the percent change of distal cortical thickness from day 0 to day 28, the following calculation was performed: (Day 28 À Day 0/Day 0) Â 100. Data are presented for young (4 months old) and geriatric (20 months old), vehicle-and antisclerostin-treated animals.
Bone mineral density. Bone property measurements were conducted with the PIXImus dual-energy X-ray densitometer (General Electric Medical Systems, Milwaukee, WI). Calibration of the instrument was conducted as recommended by the manufacturer. One excised femur from each mouse was used to measure bone mineral density (BMD). All the bones were analyzed in the same orientation on the scan window and performed by the same person blinded to the age and conditions. BMD is presented as mg/cm 2 .
Preparation of tissue for immunohistochemistry and histology
At the completion of therapy administration at day 28, mice were deeply anesthetized with ketamine/xylazine (0.01 ml/g, 100/10 mg/kg, s.c.) and perfused intracardially as previously described. 36 Femurs were decalcified and processed for histology or immunohistochemistry as previously described. 36 Tissue was cut serially at either 10 or 20 mm sections and thaw mounted with two sections of bone per gelatin-coated slide. The 10-mm-thick sections were used for histology and stained with hematoxylin and eosin and the 20-mm-thick sections were used for immunohistochemical staining.
To enhance the staining and visualization of BrdU, an antigen retrieval protocol was used in combination with our normal immunohistochemical protocol. In order to perform immunofluorescent staining, the slides were dried at room temperature (RT) for 30 min and washed in 0.1 M PBS three times for 10 min each (3 Â 10). Next, the slides were incubated at 37 C with 2 M HCl for 30 min and then washed with borate buffer (pH 8.5; BupH Borate Buffer Packs, Cat#28384, ThermoFisher Scientific, Grand Island, NY, USA) for 5 min. Slides were then washed in PBS for 3 Â 10 min. Next, the slides were blocked with 3% normal donkey serum (Jackson ImmunoResearch, Cat# 017-11-121; West Grove, PA) in PBS with 0.3% Triton-X 100 (Sigma Chemical Co., Cat# X100; St. Louis, MO, USA) for 1 h. Afterwards, the slides were incubated overnight with primary antibodies made in 1% normal donkey serum and 0.1% Triton-X 100 in 0.1 M PBS at RT. Proliferating cells were stained with BrdU (sheep antimouse; 1:300; Cat# B2850-01; US Biologicals, Salem, MA, USA).
After primary antibody incubation, preparations were washed 3 Â 10 min each in PBS and incubated for 3 h at RT with the secondary antibody conjugated to fluorescent Cy2 (1:100, anti-sheep; Cat# 713-226-147; Jackson ImmunoResearch). Preparations were then washed 3 Â 10 min each in PBS. Cellular nuclei were labeled using 4 0 ,6-diamidino-2-phenylindole (DAPI) (1:500; Cat#D21490; Invitrogen, Grand Island, NY) followed by an additional 3 Â 10 min wash in PBS. Slides were dehydrated through an alcohol gradient (2 min each; 70%, 80%, 90%, and 100%), cleared in xylene (2 Â 2 min), and cover slipped with di-n-butylphthalatepolystyrene-xylene (Sigma Chemical Co., Cat#06522). Preparations were allowed to dry covered at RT for 12 h before imaging.
Bright field and laser confocal microscopy
Bright field images of histologically stained sections were acquired using an Olympus BX51 microscope fitted with an Olympus DP70 digital CCD camera and an UPlanSApo 10 Â /0.40 objective. Confocal images of BrdU and DAPI were acquired using an Olympus FV1200 microscope (Olympus Life Sciences, Center Valley, PA) and a 60 Â /1.42 PlanApo N objective using excitation beams 488 and 405 and detected using BA505-540 and BA430-470 emission filters, respectively. Sequential acquisition mode was used to reduce bleed-through from fluorophores. The average volume of collected data was 211.7 mm Â 211.7 mm Â 25 mm, with each Z-axis slice being 0.5 mm/slice.
Cambium layer thickness
In order to measure the thickness of the cambium layer, images (TIFF) acquired under the DAPI channel of vehicle (PBS)-and therapy (anti-sclerostin)-treated animals from days 0 and 28 were opened in Image J (NIH). Three measurements using the ''straight'' tool, perpendicular to the cortical wall, were taken of the cambium layer of the periosteum located approximately 4 mm from the distal end of the femur. The three total measurements were averaged together and data were presented in thickness (mm) of the cambium layer of the periosteum.
Quantifications
In order to quantify the number of proliferating cells in the periosteum, 20-mm-thick frozen sections were used, as cross-sectional analysis allowed for the visualization of the bone's anatomy (e.g. the condyles and growth plate), which enabled the observer to locate the same anatomical area when quantifying different animals. For each animal analyzed, at least three images were obtained of the distal diaphyseal periosteum (the distal region was defined as the periosteal area approximately 4 mm from the distal femoral condyles) and images were acquired at least 100 mm apart (i.e. five sections) to minimize duplication of quantifications.
Cell proliferation. Cellular proliferation was measured as the percentage of DAPIþ nuclei in each periosteal layer that are marked with BrdU. This endpoint was quantified in the following way: Olympus Image Binary files were obtained with the FV1200 microscope and saved as 16-bit files, then converted to TIFF files and opened with ImageJ (NIH) software. The total number of DAPIþ cells was manually tallied. Next, the corresponding image of BrdUþ was overlaid with the DAPI image in order to count the number of DAPIþ/BrdUþ cells. The percentage was calculated by entering the total number of DAPIþ and DAPIþ/BrdUþ into a Microsoft Excel worksheet. Inclusion criteria for BrdUþ nuclei were similar to those reported by Horner et al. 37 Specifically, BrdU immunostaining needed to be located in the nucleus as determined by counterstaining sections with DAPI and BrdUþ nuclei needed to exhibit uniform staining throughout the nucleus.
Bone-lining cells. The percentage of BrdUþ bone-lining cells was quantified in a similar way as described above. TIFF files were opened with ImageJ software and the total number of DAPIþ cells that were immediately adjacent to cortical bone was tallied. Next, the corresponding BrdU image was overlaid with the DAPI image and the number of BrdUþ cells immediately adjacent to cortical bone and that co-expressed DAPI were counted. The percentage was calculated by entering the total number of DAPIþ and DAPIþ/ BrdUþ into a Microsoft Excel worksheet.
Nuclear volume. In addition to the 2D analysis described above, cellular proliferation was visualized using a commercially available software program, Imaris-Surfaces (Bitplane AG, South Windsor, CT). The Olympus Image Binary image files exported from the Olympus software were imported into Imaris and further analyzed for detailed quantitative and qualitative 3D characterization. The Imaris program tool, ''Surfaces,'' was used to generate a 3D solid mask (i.e. paint a surface over) of the original confocal signal. Previously published software parameters for volume rendering of the cells could not be found. The BrdU and DAPI confocal signal (i.e. voxels) was used to define the spatial location of the cellular nuclei. The only manual input made was to define the background threshold for all images as 2.000 mm; all other parameters provided by the program were set automatically by the program to remove observer bias. The surfaces tool then applied a mask and created a 3D outline of the cellular nuclei. After volume rendering, the BrdUþ cells, immediately adjacent to the cortical bone or throughout the cambium layer, were manually selected and the volumes (given in mm 3 ) were tallied in Microsoft Excel. The average volume of a DAPI and/or BrdUþ throughout the cambium layer and at the bone-lining surface was calculated by taking the total nuclear volume and dividing that by the corresponding number of cells to get nuclear volume per cell. No further image processing was done on the images.
Statistical analysis
All statistical analyses were calculated in SigmaPlot software (San Jose, CA). One-way ANOVA was performed followed by a Tukey's post-hoc test comparing each group to each other at each age. Significance level was set at p < 0.05. In all cases, the investigator responsible for imaging and quantification was blind to the age and treatment of each animal.
Results
Administration of anti-sclerostin builds bone in young and geriatric mice
Naı¨ve young (4 months old) and geriatric (20 months old) adult mice were administered either vehicle or anti-sclerostin for 28 days. Following 28 days administration of vehicle alone, the thickness of the cortical bone thickness had increased in the young adult animals and decreased in geriatric animals ( Figure 1 ). In contrast, in both young (Figure 1(b) and (c)) and geriatric (Figure 1(d) and (e)) animals administered anti-sclerostin, there was a significant increase in the thickness of cortical bone (Figure 1(f) ). Anti-sclerostin therapy also increased BMD in the distal head of the femur in both geriatric and young animals compared to administration of the vehicle alone (Figure 1(g) ).
Morphological characteristics of the layers of the periosteum
Periosteal tissue from the distal diaphysis of the femur from young and geriatric mice was used for this study (Figure 2 ). This region of the femur is highly cellular and best displays the cellular morphology throughout the two periosteal layers. The sparsely cellular fibrous layer is composed of loose fibrous tissue and spindle-shaped fibroblast-like cells. In contrast, the densely populated cambium layer is composed of more tightly packed cells with variable cell morphology: cuboidal and thin, spindle-shaped (Figures 2(c), (d) ).
The cellularity and morphology of the two periosteal layers was confirmed using confocal microscopy and DAPI counterstaining (Figures 2(e) and (f) ). In addition to reduced thickness, there is also a reduction in cell proliferation in the periosteum with age. This was determined after the animals had been exposed to BrdU through a mini-osmotic pump for seven consecutive days. The majority of actively dividing cells was distributed throughout the cambium layer of the young and geriatric animals as very little BrdUþ cells were detected in the fibrous layer (Figures 2(e), (f) ).
Administration of anti-sclerostin increases the proliferation of cells in the periosteum
To investigate whether anti-sclerostin could drive cell proliferation in the periosteum of geriatric and young animals, incorporation of BrdU (that was administered via osmopump from days 21-28) was examined in both geriatric and young mice that were receiving sustained administered anti-sclerostin from days 0 to 28. Animals receiving anti-sclerostin showed an increase in both cellular proliferation ( Figure 3 ) and an increase in nuclear volume (Figure 4 ) when compared to animals that were receiving vehicle. Both geriatric and young animals receiving anti-sclerostin exhibited a significant increase in the number of BrdUþ cells in the cambium layer as compared to their respective vehicle counterparts. There was also a significant increase in the number of BrdUþ proliferative cells located at the bone-lining layer with anti-sclerostin treatment (Figures 3(b) and (d) ). Finally, there was a notable increase in the nuclear volume of the proliferating cells (Figure 4) .
In the young and geriatric mice, the effect of anti-sclerostin in the periosteum was also examined in terms of changes in cellular proliferation (as measured with BrdUþ cells), distribution of newly borne BrdUþ cells, the nuclear volume of newly borne BrdUþ cells, and the overall thickness of the cambium layer ( Figure 5 ) following administration of vehicle vs. anti-sclerostin. In the young animals administered vehicle vs. anti-sclerostin, there was a significant increase in newly borne BrdUþ cells (11.7% vs. 23.8% of the total cells (all cells label with DAPI) (Figure 5(a) ). In the geriatric animals, there was also a highly significant increase when comparing vehicle vs. anti-sclerostin (5.6% to 16.6%) in the number of newborn BrdUþ cells in the cambium layer ( Figure 5(a) ).
Anti-sclerostin also induced a marked increase in the number of newly borne cells in the bone-lining layer (which is where new cortical bone is formed) as compared to animals that received vehicle alone. Thus, in vehicle-treated young animals, 16% of the bone-lining cells in the cambium layer of the periosteum were BrdUþ cells, whereas 37% of the cells were BrdUþ in the young animals that received anti-sclerostin therapy. Similarly, in the geriatric animals, there was nearly a 113% increase in the percent of BrdUþ cells at the bone-lining region (10.4% to 22.1%) with anti-sclerostin treatment ( Figure 5(b) ).
Previous reports have indicated that an increase in nuclear volume can be indicative of cells undergoing differentiation and/or an increase in cellular activity. 38, 39 The nuclear volume of BrdUþ and DAPIþ cells at the bone-lining layer of young and geriatric animals treated with anti-sclerostin was 65% and 72% larger, respectively, compared to vehicle-treated animals ( Figure 5(c) ). Interestingly, although anti-sclerostin induced an increase in cell proliferation, the number of newly born BrdUþ at the bone-lining layer, and the nuclear volume of newly borne cells, there was no significant change in the overall thickness of the cambium layer thickness when comparing vehicle-vs. anti-sclerostin-treated young or geriatric animals ( Figure 5(d) ). 
Discussion
Age-related bone fractures, which are also known as ''fragility fractures,'' are unique in that they are most frequently caused by low-impact falls such as falling over a carpet or a pet, which would not result in a bone fracture in a young, healthy individual. Thus, in the young, the main etiology of a fracture is highenergy trauma. Fractures of the femoral neck, vertebrae, and distal radius following a fall or low energy trauma occur almost exclusively in the geriatric population and are a hallmark of osteoporosis. 8, 17 Importantly, these age-related bone fractures are frequently accompanied by chronic skeletal pain and an increase in morbidity and mortality. This is especially true of hip fractures (90% of ''hip'' fractures are actually a fracture of the proximal neck of the femur) as these almost invariably result in significant skeletal pain, loss of mobility, and hospitalization. Thus, 20% of individuals who are over 60 years with hip fractures die within a year of fracture, 20% will require nursing home care within a year of the fracture and will never return to living independently, and the great majority will never fully regain their prefracture gait, full functional status, and ability to walk long distances. 8, 9, 12 Here, we explore the effects anti-sclerostin had on increasing the thickness of cortical bone, as increasing cortical bone thickness is known to reduce the incidence of painful age-related fractures of the femur in the elderly. 17 Sclerostin is a cysteine-knot glycoprotein that is a product of the SOST gene that is predominately expressed in bone by osteocytes and chondrocytes. [40] [41] [42] Sclerostin was first identified in the study of two rare autosomal recessive disorders, sclerosteosis and van Buchem disease, which are associated with absent or reduced levels of sclerostin. [43] [44] [45] Interestingly, although homozygote patients with these disorders have serious adverse clinical consequences due to excessive bone growth, 43 heterozygote patients have a normal phenotype, high bone mass, and very low risk of fractures. [44] [45] [46] This has led to the concept that patients with low levels of sclerostin continually build bone throughout their life and that downregulation or sequestration of sclerostin in bone might be effective in promoting new bone formation. [21] [22] [23] [24] [25] [26] [27] [28] [29] However, what is currently not clear, given the decreased thickness and number and responsiveness of osteogenic cells in aging periosteum, is whether antisclerostin can build new cortical bone and stimulate the proliferation of osteogenic cells in the geriatric periosteum. What was somewhat unexpected in the present study was just how robustly anti-sclerostin promoted an increase in cortical thickness in geriatric mice as previous studies have shown that there is a remarkable thinning of the cambium layer of the periosteum with aging so that the thickness of the cambium layer in a 2-year old rabbit is only 10% of that for a 14-day old rabbit. 18, 20, 47 Importantly, the highly cellular cambium layer of the periosteum is where both stem and mesenchymal progenitor cells reside, and it has been argued that the periosteum is a key and often underappreciated tissue that can build new cortical bone in the elderly. 11, [17] [18] [19] In light of this dramatic thinning, a major question was whether this decrease in the number and division capacity of the stem and mesenchymal progenitor cells would also mean that the periosteum would no longer be responsive to signaling molecules that would drive cortical bone formation. 11, 20 However, the present study suggests that even when given for a relatively short period (28 days) to geriatric animals, anti-sclerostin produced a significant increase in cortical bone thickness, bone mineral density, and the proliferation of osteogenic cells in the mouse periosteum.
In light of these observations, a major question is whether there are any therapies on the horizon that could potentially synergize with anti-sclerostin to increase cortical bone formation and reduce age-related skeletal pain so as to increase the mobility and functional status of geriatric patients. One therapy that might be synergistic with anti-sclerostin would be anti-nerve growth factor (anti-NGF). Previous studies have shown that anti-NFG reduces pain due to osteoarthritis as well as low back pain and both of these conditions are very common in the elderly. [48] [49] [50] Importantly, anti-NGF [21] [22] [23] [24] [25] [26] [27] [28] , all animals were implanted with a mini-osmotic pump that provided sustained release of BrdU. After tissue processing, sections were stained with BrdU (yellow; marker for cellular proliferation) and counterstained with DAPI (red; marker for nuclei). DAPI (red) is outlined in white to distinguish between each nucleus. Scale bar, 6 mm. CB: cortical bone.
appear to increase use and loading of the bone following orthopedic surgery-induced skeletal pain, 16 suggesting that anti-NGF may generally increase the ability of patients to load and use their injured and/or aging skeleton. As loading and use of the skeleton itself has been shown to reduce the expression of sclerostin in bone, 40, 51 anti-sclerostin and anti-NGF may be able to simultaneously build bone and reduce skeletal pain in geriatric patients. If these two therapies do have a synergistic effect, they have the potential to significantly improve the functional status and quality of life of geriatric patients at risk for painful age-related bone fractures.
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